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Regeneration from embryos. To induce direct germination of embryos using the methods of Fujii (1989) and Hidano et al. (1994) , some embryos were given cold treatments. At 12-24 weeks after the beginning of anther culture, embryos 4-8 mm long were isolated from the anthers, transferred to MS medium supplemented with 30 g·L -1 sucrose and 0.2% gellan gum and placed in a cold (4 °C) dark chamber. After 12 weeks, embryos were transferred onto a proliferation medium consisting of half-strength MS medium supplemented with 4.4 µM BA, 0.5 µM IBA, 30 g·L -1 sucrose and 0.2% gellan gum, and incubated at 25 °C under continuous fluorescent light (50 µmol·m -2 ·s -1 ). As a control for the cold treatment, about half of the embryos of two apple cultivars, 'Homei Tsugaru' and 'Starking Delicious', were directly transferred onto the proliferation medium without cold treatment. All embryos were maintained by subculturing every 4 weeks. Twelve weeks after transferring embryos onto proliferation medium, the degree of development of the embryos was recorded.
Rooting of regenerated shoots. For root induction, the proliferating adventitious shoots at least 1 cm long grown from embryos were excised and transferred to a root initiation medium consisting of half-strength MS medium supplemented with 0.5 µM IBA, 15 g·L -1 sucrose, and 0.2% gellan gum. Microcuttings were incubated in the dark at 25 °C for 4 d in this medium, and then transferred to a root development medium consisting of half-strength MS salts without Fe-EDTA, supplemented with 7.5 g·L -1 sucrose and maintained under continuous fluorescent light (50 µmol·m -2 ·s -1 ) (Harbage and Stimart, 1996) . Treatments were carried out in 80-mm diameter ±12-mm-tall glass vials covered with plastic caps.
Ploidy level studies on regenerated shoots. Shoot apices were used for chromosome counts. Adventitious shoots derived from embryos of 'Starking Delicious' were pretreated with 0.1 mg·L -1 colchicine for 3 h at 20 °C and fixed in an ethanol-acetic acid solution (absolute ethanol : glacial acetic acid solution = 3:1) at 4 °C for at least 2 h. Then samples were rinsed with distilled water, hydrolyzed in a HCl-acetic acid solution (1 N HCl : glacial acetic acid = 5:1) at 60 °C for 12-13 min, stained with a 1% aceto-orcein solution, and examined under a light microscope.
In general, pome fruits have a long reproductive cycle with a juvenile phase of several years. They are highly heterozygous due to self-incompatibility, have small chromosomes and a high basic number (x). Therefore, the technique of producing homozygous plants after doubling haploids of these species has many advantages for breeding and is interesting experimental material for cytological and genetic studies (Höfer and Lespinasse, 1996; Zhang et al., 1990; Zhang and Lespinasse, 1992) . Experiments to produce haploid pome fruits have been conducted since the 1970s, but success has been limited to a few apple cultivars (Höfer and Lespinasse, 1996) . Regeneration of haploids from the Japanese apple cultivar 'Senshu' by anther culture has been successful (Fujii, 1989) . Only calli were obtained from anther culture of European pear (Pyrus communis L.) (Braniste and Petrescu, 1981) , and calli and embryos without a callus were produced in Chinese pear (Pyrus bretschneideri R.) (Shi et al., 1992) with no plants produced. As far as we know, no reports exist of anther culture of Japanese pear (Pyrus pyrifolia N.).
This study investigated the possibility of producing haploid clones from anther culture from the principal Japanese apple and pear cultivars. Here we describe regeneration of plantlets originating from microspores obtained from 'Starking Delicious' apple and regeneration of adventitious shoots from androgenic embryos from pear anthers.
Materials and Methods
Plant materials. Six cultivars of apple (M. domestica 'Fuji Nagafu No. 6', 'Himekami', 'Homei Tsugaru', 'Kotoku', 'Starking Delicious', and 'Yataka'), three cultivars of Japanese pear (P. pyrifolia 'Gold Nijisseiki', 'Kosui', and 'Shinko'), and two cultivars of European pear (P. communis 'La France', and 'Le Lectier') were used in this study. These cultivars are all diploid (2n = 2x = 34). Experiments for 'Starking Delicious', 'La France' and 'Le Lectier' started in 1997 and for the other cultivars in 1996.
Callus and embryo induction. For pear, flower buds were collected at the green tip stage in early April. For apple, flower buds were collected before the petals turned pink in early May when microspores were at the unicellular stage of development. Buds were surface sterilized for 15 min with 4% sodium hypochlorite and one drop of Tween-20 per 100 mL, followed by washing three times with sterile water. Anthers were isolated from buds and transferred to an induction medium consisting of MS (Murashige and Skoog, 1962) medium supplemented with 30 g·L -1 sucrose, 3 g·L -1 activated charcoal and the gelling agents mentioned below. The pH was adjusted to 5.8 with 0.1 N KOH before adding the gelling agents, then the medium was autoclaved for 15 min. at 120 °C under a pressure of 1.2 kg·cm -2
. Half of the buds were placed in a Petri dish with wet tissue paper and placed in a cold (4 °C) dark chamber for 10 d for a cold pre-treatment. Anthers were cultured under continuous fluorescent light (50 µmol·m -2 ·s -1 ) or in the dark. The induction medium was solidified with 0.7% ina agar (Wako Co., Japan), 0.7% agarose (Sigma Co., St. Louis) or 0.2% gellan gum (Sigma Co.). For each treat-
Results
Callus induction. All cultivars showed callus induction (Table 1) . For apple, callus initiation started 4 weeks after the beginning of anther culture, and most calli were formed 3 weeks after initial growth. Apple calli were generally friable, white or yellowish white, and grew rapidly and proliferated with subculturing every 4 weeks (Fig. 1A) . For pear, callus initiation was observed ≈10 d after anther excision, and most calli were formed within 4 weeks. Pear calli were generally friable, white or grayish white, and stopped growing at <1-3 mm in diameter (Fig. 1B) . When transferred onto fresh medium with the same incubation conditions, pear calli did not continue to grow and proliferate. Greening and regeneration of adventitious shoots of the calli on these induction media were not observed. Callus induction increased in 'Himekami', 'Kotoku', and 'Shinko' when cultured on agar, and increased in 'Yataka' on gellan gum. Cold pretreatment of buds was effective in inducing calli in 'Starking Delicious', 'La France', and 'Le Lectier', but not in 'Shinko'. Continuous lighting accelerated callus induction in 'Starking Delicious' and darkness accelerated it in 'Shinko', 'La France', and 'Le Lectier' (Table 2) . There was no effect of cytokinin type (data not shown).
Embryo induction. All cultivars showed embryo induction except P. pyrifolia 'Kosui' and P. communis 'La France' (Table 1) . Within 8-12 weeks after anther culture of both apples and pears, white embryos, generally globular or heart-shaped, were produced from the anther wall ( Fig. 2 C and D) . However, the embryos failed to develop into normal plantlets when transferred to fresh medium. Some embryos showed expanded cotyledons with greening, but neither the hypocotyl nor the root developed. Cotyledons and the hypocotyl gradually thickened and died. Lighting, cold pretreatmant, and type of cytokinins did not affect embryo induction. Gelling agents had an effect on callus and embryo induction in the apple 'Kotoku' anthers with embryos were observed at high frequency on agar medium compared with on other gelling agents (Table 3) .
Regeneration from embryos. Development of cotyledons began in embryos after they were excised and subcultured on proliferation medium (Table 4) . Some embryos developed expanded greenish cotyledons and an embryonic axis with root formation (Fig. 2A) . However, most embryos did not develop roots and foliage, showing only deformed development with thickening, but in some deformed explants adventitious shoots regenerated from an elongated or asymmetric embryonic axis (Fig. 2B) . On proliferation medium, the majority of adventitious shoots developing from embryos showed weak vigor, developed into calli or died after two or three subcultures. Shoots of 'Starking Delicious' apple, 'Kotoku' apple, and 'Shinko' Japanese pear proliferated well, but the latter two cultivars died after several subcultures. Hyperhydricity occurred in all clones of 'Shinko'. Only shoots from 'Starking Delicious' rooted and grew into plantlets. Some embryos formed shoots showing different phenotypes with short internodes and small and pointed leaves, differing from diploid shoots and leaves (Fig. 2C ). These traits eventually disappeared after several subcultures. Ploidy level studies of regenerated shoots and production of plantlets. Chromosome counts made using the shoot apical cells from individual embryos of 'Starking Delicious', showed that shoots of three clones were diploid, but a fourth clone comprised haploid and diploid shoots (Table 5, Fig. 3 ). One year after regeneration of the adventitious shoots, we analyzed the ploidy level of all clones using flow cytometry and observed that all were diploid (data not shown). Some of these shoots rooted and grew to plantlets (Fig. 2D) .
Discussion
The goal of anther culture is to regenerate plants originating from pollen or microspores to produce haploid or homozygous clones. For anther culture of apple, Kubicki et al. (1975) and Hidano et al. (1994) observed that embryos were derived from microspores, but this was not confirmed in our experiment. We showed that gelling agent, cold treatment and continuous light accelerate callus and embryo induction in anther culture (Tables 2 and  3 ). It was important that optimal conditions were used for each cultivar to induce as many calli and embryos as possible.
In our experiments, we did not observe an effect of cold treatment on normal germina- Cold treatment (4 °C for 10 d) was given (+) or not given (-). x Cultures were incubated in continuous illumination (+) or the dark (-). NS, * Nonsignificant or significant at P = 0.05, respectively. tion and development of embryos and plant regeneration. Emergence of foliage or growth of roots was not shown. Adventitious shoots did not develop from germination of embryos, but did regenerate from embryonic nodules and hypocotyls. These results are in contrast with those of Fujii (1989) and Hidano et al. (1994) who reported plant regeneration via normal germination of embryo. Höfer (1994) transferred embryo-derived anthers of apple to MS medium with 0.5 µM TDZ and succeeded in obtaining secondary embryogenesis and adventitious shoots. Cotyledons or the embryonic axis derived from embryos isolated from seeds of apple (Keulemans and de Witte, 1994; Kouider et al., 1984) and pear (Browning et al., 1987) regenerated adventitious shoots. Optimal conditions for shoot differentiation from cotyledons and the embryonic axis should be further examined. In this study, adventitious shoots derived from anthers were regenerated from six cultivars of apple and one of pear. Excised shoots, except of 'Starking Delicious', formed calli or died within 6 months, which might be attributed to the expression of deleterious recessive genes in haploids or in homozygous spontaneously doubled haploids. Therefore establishing a method to prevent the decline of these shoots is important. Also, all clones of the pear 'Shinko' showed hyperhydricity at a higher rate in medium with gellam gum (Turner and Singha, 1990 ) than with agar (Kadota et al, 2001 ). Agar might be favorable for in vitro androgenesis of pear.
Cytological study of adventitious shoots of 'Starking Delicious' showed that three individuals comprised diploid shoots and one comprised haploid and diploid shoots, indicating that at least one recovered clone had a gametophytic origin. Adventitious shoots with typical haploid traits (Zhang and Lespinasse, 1991) were formed (Fig. 4) , but these traits eventually disappeared after several subcultures, showing they were diploid shoots. Investigation of ploidy level of this clone using flow cytometry one year after culture also showed all diploid shoots. The spontaneous doubling of the ploidy level (from haploid to diploid) might have occurred because of endoreduplication and nuclear fusion (Sunderland et al., 1974) . Isozyme analysis and randomly amplified polymorphic DNA PCR with diploid individuals may indicate if regenerants originated from microspores. Phenotypic expression of regenerants must also be investigated in orchards. Cold treatment for embryos at temperature 4 °C for 3 months is given (+) or not given (-). 
